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By taking account of the electric-field-induced charge screening, a self-consistent calculation within
the framework of the tight-binding approach is employed to obtain the electronic band structure of
gated multilayer phosphorene and the charge densities on the different phosphorene layers. We find
charge density and screening anomalies in single-gated multilayer phosphorene and electron-hole
bilayers in dual-gated multilayer phosphorene. Due to the unique puckered lattice structure, both
intralayer and interlayer charge screenings are important in gated multilayer phosphorene. We find
that the electric-field tuning of the band structure of multilayer phosphorene is distinctively different
in the presence and absence of charge screening. For instance, it is shown that the unscreened
band gap of multilayer phosphorene decreases dramatically with increasing electric-field strength.
However, in the presence of charge screening, the magnitude of this band-gap decrease is significantly
reduced and the reduction depends strongly on the number of phosphorene layers. Our theoretical
results of the band-gap tuning are compared with recent experiments and good agreement is found.
PACS numbers:
I. INTRODUCTION
Phosphorene is a single layer of black phosphorus (BP),
a relatively new two-dimensional (2D) material which
was realized experimentally in 2014 [1–4]. Due to its
unique properties, this 2D material has drawn a lot of at-
tention from the research community. For instance, it has
a reasonably large band gap combined with a relatively
high carrier mobility [5], which is very promising for prac-
tical electronic applications in e.g. field-effect transistors.
Moreover, it has a puckered honeycomb lattice formed
due to sp3 hybridization [6], which gives rise to highly
anisotropic electronic, optical and transport properties
[5], such as anisotropic effective mass, optical spectrum
and electrical mobility. The highly anisotropic optical
properties of phosphorene make it very promising for
practical optoelectronic applications in e.g. polarization-
sensitive photodetectors [7, 8].
Due to the successful isolation of phosphorene layers
from bulk BP, the electronic, optical and transport prop-
erties of multilayer phosphorene have been extensively
investigated [9–16]. This is primarily because these prop-
erties can be significantly tuned by the number and the
type of stacking layers [9, 13]. For instance, the band gap
of phosphorene decreases when increasing the number of
layers due to the interlayer electronic coupling [9]. The
application of external strain, electric field, and magnetic
field has also a significant influence on the electronic,
optical and transport properties of multilayer phospho-
rene [17–21]. In particular, it was shown that by ap-
plying a perpendicular electric field, a semiconductor-
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to-semimetal transition can be induced in bilayer phos-
phorene [18–21], leading to the appearance of unconven-
tional Dirac fermions with linear energy spectrum and
zero-energy Landau levels [19, 21].
It is known that applying an external electric field per-
pendicular to a multilayer system induces a charge re-
distribution over the stacked layers, which produces an
internal electric field that counteracts the externally ap-
plied one (i.e., the electric-field-induced charge screen-
ing). Although the influence of a perpendicular electric
field on the electronic properties of multilayer phospho-
rene was widely investigated, the electric-field-induced
charge screening effect, which was shown to be of signifi-
cant importance in multilayer graphene [22–26], remains
poorly understood in multilayer phosphorene. Up to
date, there are few studies exploring the screening effect
on the electronic properties of multilayer pshophorene
in the presence of a perpendicular electric field [27, 28].
In Ref. [27], the electronic structure of bilayer and tri-
layer phosphorene was obtained by first-principles calcu-
lations, where the screening effect was induced by the ad-
ditional doping of charges; whereas in Ref. [28], the band
gap of multilayer phosphorene was obtained by tight-
binding calculations, where the screening effect was intro-
duced by assuming a band-gap-dependent dielectric con-
stant. However, the charge screening induced by the per-
pendicular electric field was not included in these studies.
In the present work, we investigate theoretically the
electronic properties of gated multilayer phosphorene
by taking into account the electric-field-induced charge
screening within an experimental set-up, where an elec-
trostatic gating (with top and/or bottom gates) is ap-
plied to produce a perpendicular electric field. Our the-
oretical study is based on the tight-binding (TB) ap-
proach to calculate the band structure of gated multilayer
phosphorene. A self-consistent Hartree approximation
within this TB framework is employed to obtain the gate-
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2induced charge densities on the different layers of phos-
phorene. Due to the unique puckered lattice structure,
we found both intralayer and interlayer charge screen-
ings that are present in gated multilayer phosphorene,
which is different from the result observed in gated mul-
tilayer graphene, where only interlayer charge screening
is present [22–26]. We also found that the electric-field
tuning of the band structure of multilayer phosphorene
is distinctively different in the absence and presence of
charge screening. For instance, it is shown that the un-
screened band gap of multilayer phosphorene decreases
dramatically with increasing field strength. However, in
the presence of charge screening, the magnitude of this
band-gap decrease is significantly reduced and the reduc-
tion is more significant for the case of larger number of
phosphorene layers. Moreover, we observe electron-hole
bilayers in symmetrically dual-gated multilayer phospho-
rene with tunable layer-dependent electron/hole densi-
ties. This could be interesting for the exploration of
electrically tunable Wigner crystallization, charge den-
sity waves, excitonic condensation and superfluidity in
multilayer phosphorene [29].
This paper is organized as follows. In Sec. II, we
present the self-consistent TB approach for multilayer
phosphorene in the presence of an electrostatic gating.
In Sec. III, the main results are presented and analyzed
for the electronic properties of gated multilayer phospho-
rene. We also present a comparison with recent experi-
ments on the electric-field tuning of the multilayer band
gap. Finally, we make a summary and give concluding
remarks in Sec. IV.
II. SELF-CONSISTENT TB MODEL
Multilayer phosphorene is modeled as N coupled phos-
phorene layers which are AB stacked on top of each other,
as shown in Fig. 1. From density-functional-theory
(DFT) calculations [13], we know that this type of layer
stacking is energetically the most stable for bilayer and
trilayer phosphorene. In the presence of an electrostatic
gating, low-energy electrons and holes in this N -layer
system are described by the following TB Hamiltonian
H =
∑
i
εic
†
i ci+
∑
i6=j
t
‖
ijc
†
i cj+
∑
i 6=j
t⊥ijc
†
i cj+
∑
i
Uic
†
i ci, (1)
where the summation runs over all lattice sites of the
system, εi is the on-site energy at site i, t
‖
ij (t
⊥
ij) is the
intralayer (interlayer) hopping energy between sites i and
j, Ui is the electrostatic potential energy at site i, and c
†
i
(cj) is the creation (annihilation) operator of an electron
at site i (j). For simplicity, the on-site energy εi is set
to zero for all the lattice sites. It was shown [16] that
with ten intralayer and five interlayer hopping parame-
ters, this TB model can well describe the band struc-
ture of multilayer phosphorene in the low-energy region
when compared to that obtained by DFT-GW calcula-
tions. The ten intralayer hopping parameters (in units
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FIG. 1: (a) and (b) Sketch of the trilayer phosphorene sys-
tem, on the top (bottom) of which a positively (negatively)
charged gate Vt (Vb) with charge density nt > 0 (nb < 0) is
placed. (c) and (d) Illustration of the ten intralayer hopping
parameters t
‖
i (i = 1, 2, ..., 10) and the five interlayer hopping
parameters t⊥i (i = 1, 2, ..., 5) used in the TB model, where
the rectangle indicates the unit cell of phosphorene. Due to
the puckered lattice structure, trilayer phosphorene has six
atomic sublayers depicted by red (A, D) and blue (B, C)
atoms, where the distance between the two adjacent sublay-
ers is equal to either the interlayer separation (dinter) or the
intralayer one (dintra). The top and bottom gates induce a
total carrier density distributed over the different sublayers,
i.e., n = nt+nb =
∑6
i=1 ni, with ni the carrier density on the
i-th sublayer. Ft (Fb) is the electric field produced by the top
(bottom) gate, and Fi,i+1 (i = 1, 2, ..., 5) is the total electric
field between the two adjacent sublayers.
of eV) are t
‖
1 = −1.486, t‖2 = +3.729, t‖3 = −0.252,
t
‖
4 = −0.071, t‖5 = +0.019, t‖6 = +0.186, t‖7 = −0.063,
t
‖
8 = +0.101, t
‖
9 = −0.042, t‖10 = +0.073, and the
five interlayer hopping parameters (in units of eV) are
t⊥1 = +0.524, t
⊥
2 = +0.180, t
⊥
3 = −0.123, t⊥4 = −0.168,
t⊥5 = +0.005 [16]. These hopping parameters are illus-
trated in Figs. 1(c) and 1(d). In the following, we show
how to obtain the electrostatic potential energy U within
a self-consistent Hartree approximation.
We consider undoped multilayer phosphorene in the
presence of an electrostatic gating. This situation can be
realized in an experimental setup with external top and
bottom gates having opposite voltages applied to multi-
layer phosphorene [28]. As shown in Fig. 1, a positively
(negatively) charged gate is placed on the top (bottom) of
multilayer phosphorene of N layers (N = 3 in the figure).
The top (bottom) gate is assumed to have a positive (neg-
3ative) charge density nt > 0 (nb < 0) on it. These two
gates are used to generate and control the carrier densi-
ties in the system. Because a single layer of phosphorene
can be viewed as consisting of two atomic sublayers due
to its puckered lattice structure, both of these two sublay-
ers can be treated as individual layers and thus the num-
ber of individual layers of N -layer phosphorene is 2N .
This is significantly different from multilayer graphene,
where the number of individual layers is just N for N -
layer graphene. Therefore, in the N -layer phosphorene
system a total carrier density n = nt + nb =
∑
i ni is in-
duced, where ni is the carrier density on the i-th sublayer
and the summation is over all the 2N sublayers.
In our model, we assume that the top (bottom) gate
produces a uniform electric field Ft = ent/(2ε0κ) [Fb =
enb/(2ε0κ)], which can be obtained from fundamental
electrostatics, where e is the elementary charge, ε0 is
the permittivity of vacuum, and κ is the dielectric con-
stant. The induced charge carriers on the phosphorene
sublayers, in its turn, produce a uniform electric field
Fi = nie/(2ε0κ) (i = 1, 2, ..., 2N), which counteracts the
electric field produced by the external gates. The in-
version asymmetry between the two adjacent sublayers i
and i + 1 is determined by a potential energy difference
∆i,i+1, which is given by
∆i,i+1 = αi,i+1
( 2N∑
j=i+1
nj + |nb|
)
, (2)
where αi,i+1 = e
2di,i+1/(ε0κ) with di,i+1 the distance
between the two adjacent sublayers. In multilayer phos-
phorene, this inter-sublayer distance is not constant due
to the puckered lattice structure of phosphorene: it is
di,i+1 = dintra if the sublayers i and i + 1 are within
the same phosphorene layer while it is di,i+1 = dinter if
these two sublayers belong to different phosphorene lay-
ers, with dintra = 0.212 nm and dinter = 0.312 nm. The
total electric field between the two adjacent sublayers
is given by Fi,i+1 = ∆i,i+1/di,i+1 (i = 1, 2, ..., 2N − 1).
Finally, the electrostatic Hartree energies Ui, which are
added to the i-th sublayer on-site elements of the N -layer
TB Hamiltonian (1), can be obtained as
Ui = 0 (i = 1); Ui =
i−1∑
j=1
∆j,j+1 (i > 1) (3)
Here we assumed zero electrostatic potential energy on
the top-most sublayer (i.e., the sublayer that is closest to
the top gate).
Due to the in-plane translational invariance of the sys-
tem, a Fourier transform is performed to convert the
N -layer TB Hamiltonian (1) into momentum space, and
then the converted Hamiltonian is numerically diagonal-
ized to obtain the eigenvalues and eigenvectors of the
system. All numerical calculations are performed using
the recently developed TB package PYBINDING [30].
Because there are four inequivalent basis atoms (labeled
as A, B, C, and D) in an unit cell of phosphorene, the
dimension of the Fourier-transformed TB Hamiltonian of
the N -layer phosphorene system is 4N × 4N . Therefore,
the corresponding eigenvectors are the column vectors
of dimension 4N consisting of the coefficients of the TB
wave functions,
c = [cA1 , cB1 , cC1 , cD1 , ..., cAN , cBN , ccN , cDN ]
T , (4)
where cAi , cBi , cCi , cDi are the i-th layer coefficients for
basis atoms A, B, C, D, respectively, and the symbol
T denotes the transpose of a vector or matrix. Note
that these TB coefficients depend on the in-plane wave
vector k. The total TB wave function of the N -layer
phosphorene system is then given by
Ψ =
N∑
i=1
[
cAiψAi + cBiψBi + cCiψCi + cDiψDi
]
, (5)
where ψAi , ψBi , ψCi , ψDi are the four components of the
i-th layer TB wave function. With the obtained layer-
dependent coefficients ci = [cAi , cBi , cCi , cDi ], the carrier
densities on the sublayers of phosphorene are given by
n2i−1 = 2
∑
k
f [E(k)](|cAi |2 + |cDi |2),
n2i = 2
∑
k
f [E(k)](|cBi |2 + |cCi |2),
(6)
where i = 1, 2, ..., N , the factor 2 in front of the summa-
tions accounts for the spin degeneracy, E(k) is the energy
spectrum obtained by numerically diagonalizing the TB
Hamiltonian (1) in momentum space, and f [E(k)] is the
Fermi-Dirac function describing the carrier distribution
in the energy spectrum. In the presence of electrical gat-
ing, the carrier densities in fully occupied energy bands
are changed and one has to take into account the charge
density redistribution in the valence bands.
The TB Hamiltonian (1) depends on the gate-induced
carrier densities through Eqs. (2) and (3), which in turn
are calculated based on the full eigenstates of the TB
Hamiltonian (1) in momentum space. Therefore, a self-
consistent calculation using Eqs. (1), (2), (3) and (6) is
required to obtain the carrier densities ni and the Hartree
energies Ui on the different sublayers of phosphorene.
Since the carrier densities on the different sublayers are
not known in advance, an initial guess of these densities is
needed, e.g., assuming them to be equal at the beginning.
Then the calculations are performed self-consistently un-
til the carrier density per sublayer is converged. The
number of self-consistent iterations depends on the total
carrier density n and on the number of stacking layers
N . When convergency is reached, the Fermi energy EF
and band structure Ek of multilayer phosphorene can be
obtained, from which we can further calculate the elec-
tronic properties such as the fundamental band gap and
the carrier effective mass.
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FIG. 2: (a)-(c) Band structure of gated multilayer phos-
phorene obtained by the self-consistent TB model: (a) in
the presence of only top gate (nt = 1.5 × 1013 cm−2), (b)
in the presence of only bottom gate (nb = −1.5 × 1013
cm−2), and (c) in the presence of both top and bottom gates
(nt = −nb = 1.5×1013 cm−2). (d) Fermi energy EF as a func-
tion of the gate charge density ng for top gating (ng = nt),
bottom gating (ng = nb), and both top and bottom gating
(ng = nt = −nb). In panels (a)-(c), the horizontal dashed
lines are the self-consistently determined Fermi energies. The
inset in (a) denotes the first Brillouin zone (BZ) of phospho-
rene, where Γ, X and Y are the three most important high-
symmetry points. The shaded region in (d) represents the
band-gap region.
III. RESULTS AND DISCUSSION
In the present work, we consider three different gate
configurations applied to multilayer phosphorene: (i)
only positive top gate Vt > 0, Vb = 0 (nt > 0, nb = 0);
(ii) only negative bottom gate Vt = 0, Vb < 0 (nt = 0,
nb < 0); and (iii) both top and bottom gates Vt = −Vb >
0 (nt = −nb > 0). We calculate self-consistently the
band structure of gated multilayer phosphorene and the
gate-induced charge densities on the different phospho-
rene layers. In our self-consistent calculations, we varied
the number of phosphorene layers N and set the temper-
ature to T = 10 K. The charge density nt (nb) on the
top (bottom) gate was changed between 0 and 2 × 1013
cm−2. By using the simple relation between the gate
voltage potential Vg and the gate charge density ng [24],
Vg = engd/(2ε0ε) with d (ε) the thickness (relative per-
mittivity) of the dielectric material, and by taking the
experimental values of d and ε [28], the chosen charge-
density range for the top (bottom) gate was found to
correspond to the top (bottom) gate voltage between 0
and 10 V (40 V) that are experimentally accessible [28].
Furthermore, in our numerical calculations we took the
dielectric constant κ = 6 for multilayer phosphorene. We
chosen this κ value because (i) it is close to the dielectric
constant of bulk BP (κ = 8.3), (ii) it is within the range
of the κ value of multilayer phosphorene determined by
DFT calculations [31], (iii) there are not yet experimental
κ values reported for multilayer phosphorene, and (iv) it
leads to a qualitatively good agreement between theory
and experiment (as will be shown later).
A. Band Structure and Fermi Energy
In Figs. 2(a)-(c), we show the self-consistently ob-
tained band structure and Fermi energy of three-layer
phosphorene in the presence of (a) only a top gate,
(b) only a bottom gate, and (c) both top and bottom
gates. The gate charge densities are assumed to be
nt = 10
13 cm−2 in (a), nb = −1013 cm−2 in (b), and
nt = −nb = 1013 cm−2 in (c). As can be seen, in the
presence of only a top (bottom) gate, the Fermi energy is
located in the conduction (valence) band due to nt > 0
(nb < 0), which indicates a finite density of electrons
(holes) in the system; whereas in the presence of both
top and bottom gates, the Fermi energy is located in the
band gap due to nt + nb = 0, which indicates no excess
carriers in the system.
In Fig. 2(d), we show the dependence of the Fermi en-
ergy (EF ) of three-layer phosphorene on the gate charge
density (ng) for the cases of only a top gate (ng = nt),
only a bottom gate (ng = nb), and in the presence of
both top and bottom gates (ng = nt = −nb). The shaded
region in this figure represents the band-gap region. As
can be seen, applying only a top (bottom) gate enables to
tune the Fermi energy of the system into the conduction
(valence) band region and so the electron (hole) density
of the system can be tuned with varying gate charge den-
sity. However, with both top and bottom gates applied, it
is possible to tune the Fermi energy of the system into the
band-gap region with no net carrier density when varying
gate charge density. Notice that in the presence of only a
top or bottom gate, the Fermi energy variation with the
gate charge density is smaller in three-layer phosphorene
than that in three-layer graphene [23, 24]. This is due
to the fact that the carrier effective mass of multilayer
phosphorene is larger than that of multilayer graphene.
We also observe similar results for other multilayer phos-
phorene (e.g., two-, four- and five-layer phosphorene).
B. Charge Distribution and Screening
With top and/or bottom gates applied to multilayer
phosphorene, the gate-produced electric field induces a
charge distribution over the phosphorene layers, which
in turn produces an internal electric field between the
layers that counteracts the external (gate-produced) elec-
tric field (i.e., the electric-field-induced charge screening).
Although the gate-produced (unscreened) electric field is
uniform, the screened electric field between the different
phosphorene layers is expected to be not uniform, be-
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FIG. 4: Layer carrier densities ρ1 and ρ2 of top-gated mul-
tilayer phosphorene as a function of the interlayer hopping
scaling factor fs for N = 3, 4, 5 layers. The short arrow indi-
cates the critical value (fcs ) of the interlayer hopping strength,
below (above) which ρ1 > ρ2 (ρ1 < ρ2) is satisfied.
cause the induced charge densities on these layers are
generally not equal to each other.
In Fig. 3, we show the carrier densities ρi (i = 1, ..., N)
on the different layers of N -layer phosphorene (N =
2, 3, 4, 5) as a function of the gate charge density ng:
(a)-(d) in the presence of only a top gate (ng = nt),
and (e)-(h) in the presence of both top and bottom gates
(ng = nt = −nb). The relation between the layer and
sublayer densities is given by ρi = n2i−1 + n2i. The re-
sults are very similar in the presence of only a bottom
gate (ng = −nb), and can be mapped into each other by
reversing the layer index and changing the carrier type,
and thereby we do not show them.
We see that in the presence of only a top gate, as shown
in Figs. 3(a)-3(d), the top-most layer has the largest car-
rier density (i.e., ρ1) for the case of N = 2 layers. But
this is no longer true for the cases of N = 3, 4, 5 layers.
For instance, for N = 4 the carrier density is largest on
the second-top-most layer (i.e., ρ2). This carrier-density
anomaly in N -layer phosphorene (with N ≥ 3) is induced
by the charge transfer between the different layers due to
the significant interlayer coupling. Our numerical calcu-
lations show that if the strength of the interlayer coupling
is reduced below a critical value, the top-most phospho-
rene layer will regain the largest carrier density. In order
to see this more clearly, we show in Fig. 4 the carrier
densities on the top-most and the second-top-most phos-
phorene layers (ρ1 and ρ2) as a function of the interlayer
hopping scaling factor (fs) for the cases of N = 3, 4, 5
layers, where fs = 0 (1) indicates the turning off (on)
of the full interlayer hopping. As can be seen, there is
indeed a critical value of the interlayer hopping strength
(indicated by f cs in the figure), below (above) which we
have ρ1 > ρ2 (ρ1 < ρ2), and the value of f
c
s depends
on the number of layers N (for instance it is found to
be f cs = 0.45, 0.39, 0.37 for N = 3, 4, 5). This indicates
the importance of the interlayer coupling strength in the
determination of the carrier densities over the different
phosphorene layers.
Furthermore, we find that in the presence of both top
and bottom gates, as shown in Figs. 3(e)-3(h), the car-
rier densities on the different layers exhibit an odd-even
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FIG. 5: Electric fields Fi,i+1 (i = 1, ..., 2N − 1) between the two adjacent sublayers of gated multilayer phosphorene as a
function of the gate charge density ng for N = 2, 3, 4, 5 layers: (a)-(d) in the presence of only a top gate (ng = nt), and (e)-(h)
in the presence of both top and bottom gates (ng = nt = −nb). In each panel, F0 (black curve) is the electric field produced
by top and/or bottom gates.
layer dependence: for the case of an even number of lay-
ers (N = 2, 4), the upper and lower layers with respect
to the centro-symmetric plane have carrier densities op-
posite in sign but equal in magnitude, thereby leading to
the appearance of electron-hole bilayers; whereas for the
case of an odd number of layers (N = 3, 5), there is an
additional feature that the middle layer (at the centro-
symmetric plane) has zero carrier density. The layer car-
rier densities ρi increase with the gate charge density ng
in either a linear or nonlinear fashion.
In Fig. 5, we show the total electric fields Fi,i+1
(i = 1, ..., 2N − 1) between the two adjacent sublayers of
N -layer phosphorene (N = 2, 3, 4, 5) as a function of the
gate charge density ng, where (a)-(d) and (e)-(h) are for
the same gating configurations as in Fig. 3. For compar-
ative purposes, the gate-produced (unscreened) electric
field F0 = Ft + Fb is also presented in each panel. As
can be seen, in all the gating configurations, most of the
electric fields Fi,i+1 are significantly smaller as compared
to the fields F0 due to the charge screening effect, and
the magnitudes of Fi,i+1 are different from each other,
because the carrier densities on the different sublayers
that can screen the electric field F0 are different (see Fig.
6). Therefore, the screened electric field across multilayer
phosphorene is not uniform, whose magnitude depends
on the phosphorene sublayers.
Notice that in the presence of only a top or bottom
gate and for the cases of N ≥ 3 layers, some electric
fields Fi,i+1 shown in Fig. 5, e.g., F2,3, F4,5 and F6,7, are
not screened and even larger than the unscreened one F0.
This charge-screening anomaly is induced by the fact that
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FIG. 6: Sublayer carrier densities ni (i = 1, ..., 2N) of top-
gated multilayer phosphorene as a function of the gate charge
density nt for N = 2, 3, 4, 5 layers.
there are emerging minority carriers (with opposite sign
to the majority ones) on the sublayers in the presence of
only a top or bottom gate. For instance, for the case of
N = 4 layers and in the presence of only top gate, as
shown in Fig. 6(c), they are the carrier densities n2 and
n4 on the second- and fourth-top-most sublayers, which
are opposite in sign as compared to the other densities.
7With increasing N , the minority carriers appear on more
sublayers. The emergence of minority carriers is induced
by the intralayer charge transfer due to the very strong
out-of-plane hopping strength (i.e., t
‖
2) in phosphorene.
The emerging minority carriers produce an electric field,
which counteracts that produced by the majority carriers
and thus leads to the charge-screening anomaly.
We also note that in the presence of only a top gate,
as shown in Figs. 5(a)-5(d), some of the electric fields
Fi,i+1 exhibit a nonlinear screening with respect to the
gate charge density (or gate electric field) while others
show a linear screening. However, this is different in the
presence of both top and bottom gates, as shown in Figs.
5(e)-5(h), where all the electric fields Fi,i+1 show a linear
screening with gate charge density. This difference occurs
due to the either linear or nonlinear increase of the layer
carrier densities with the gate charge density, as shown
in Fig. 3. Moreover, in the presence of dual gates the
screened electric fields Fi,i+1 are symmetric with respect
to the centro-symmetric plane due to the symmetric car-
rier distribution in this gating configuration.
It is worth to point out that in previous studies of mul-
tilayer graphene [22–26], the charge screening induced
by the gate electric field is only present between the
graphene layers (i.e., interlayer screening). Here, we find
that it can also be present within the phosphorene layer
(i.e., intralayer screening), which arises due to the puck-
ered lattice structure of phosphorene. Therefore, both
intralayer and interlayer charge screenings are present in
multilayer phosphorene, which is fundamentally different
from multilayer graphene.
It should also be noted that the present TB model
takes into account only one atomic orbital (i.e., the pz
orbital) per lattice site and thus only the electrons on
the pz orbital contribute to the charge screening effect.
When more atomic orbitals (e.g., s, px, py orbitals) are
included in the model, the electrons on these orbitals may
also contribute to the charge screening effect. There-
fore, the charge screening effect is probably underesti-
mated by the current TB model. However, it was shown
in Ref. [16] that when compared to the DFT-GW ap-
proach, this single-orbital TB model reproduces well the
electronic band structure of multilayer phosphorene in
the low-energy region and (ii) the pz orbital that was in-
cluded in the model has the predominant contribution to
the electronic band structure in the low-energy region.
Therefore, the present TB model is expected to be quali-
tatively accurate in describing the charge screening effect
in multilayer phosphorene. With the inclusion of more
atomic orbitals, the magnitude of charge screening could
be changed, which however might not change the main
conclusions on the charge screening effect obtained by
the present TB model.
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FIG. 7: Screened (full curves) and unscreened (dashed curves)
band structures of multilayer phosphorene in the presence of
both top and bottom gates with fixed charge densities of nt =
−nb = 1.5× 1013 cm−2 for N = 2, 3, 4, 5 layers.
C. Effective Mass and Band gap
Now we turn to the effect of charge screening on the
gate-electric-field tuning of the effective mass and the
band gap of multilayer phosphorene. To proceed, we first
show how the band structure of gated multilayer phos-
phorene is different in the absence and presence of charge
screening. In Fig. 7, we plot both the screened and un-
screened band structures of N -layer phosphorene in the
presence of both top and bottom gates with fixed charge
densities (nt = −nb = 1.5 × 1013 cm−2), where (a)-(d)
are for N = 2-5 layers, respectively. It can be clearly seen
from this figure that in the presence of charge screening,
the band structure is significantly changed, and that the
change is more pronounced for the case of larger number
of layers.
From the electronic band structure E(k), the carrier
(electron or hole) effective mass can be calculated by
1/mij = ∂
2E(k)/(~2∂ki∂kj), with i, j = x, y and mij
the effective mass tensor. In Fig. 8, we show the elec-
tron effective masses of N -layer phosphorene along the
armchair and zigzag directions (mexx and m
e
yy) with vary-
ing gate charge density (ng) in the presence of both top
and bottom gates (ng = nt = −nb), where (a)-(d) are
for N = 2-5 layers, respectively. As can be seen, the
electron effective mass along the armchair direction mexx
changes more significantly with varying gate charge den-
sity ng than that along the zigzag direction m
e
yy. This is
primarily due to the band anisotropy of multilayer phos-
phorene. In addition, the gate-induced charge screen-
ing has different consequences on the electron effective
masses mexx and m
e
yy: it has a more significant effect
on meyy than m
e
xx. However, the variations of both the
electron effective masses mexx and m
e
yy with gate charge
8density ng are not significantly influenced by the gate-
induced charge screening, as can be verified by the band
dispersion curvatures shown in Fig. 7. Similar results
are also obtained for the hole effective masses mhxx and
mhyy.
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band gaps of multilayer phosphorene as a function of the gate
charge density ng for N = 2, 3, 4, 6 layers: (a) in the presence
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In Fig. 9, we show both the screened and unscreened
band gaps (Eg) of N -layer phosphorene (N = 2, 3, 4, 6)
as a function of the gate charge density (ng) in the pres-
ence of (a) only a top gate (ng = nt) and (b) both top
and bottom gates (ng = nt = −nb). As can be seen,
the gate-charge-density (or gate-electric-field) tuning of
the band gap is distinctively different in the absence and
presence of charge screening. The unscreened band gap
decreases dramatically with increasing gate charge den-
sity (or gate electric field). However, in the presence
of charge screening, the magnitude of this band-gap de-
crease is significantly reduced and the reduction is more
significant for larger number of layers. For instance, for
the case of N = 6 layers and in the presence of both top
and bottom gates, the unscreened band gap Eg becomes
zero when the gate charge density ng reaches the critical
value ncg ∼ 1.5 × 1013 cm−2; however, due to the charge
screening, the critical gate charge density ncg is signif-
icantly increased, which becomes larger than 2 × 1013
cm−2 and thus increases by more than 33%. The effect
of the charge screening on the band-gap tuning with the
gate electric field is qualitatively the same for all the gat-
ing configurations, as shown in Figs. 9(a) and 9(b), i.e.,
it always tends to increase the band gap. We are able
to fit the band gap (Eg) of gated multilayer phosphorene
as a function of the gate charge density (ng) by using a
simple polynomial Eg = an
2
g +bng +c with a, b and c the
polynomial coefficients. As an example, these three pa-
rameters are fitted for the case of dual (top and bottom)
gates and they are listed in Table. I. As can be seen,
for all the cases of N = 2, 3, 4, 6 layers, the presence of
charge screening affects a and b significantly but has no
effect on c. The values of a, b and c depend sensitively on
the number of layers N . This polynomial fitting can be
useful for the estimation of the band gap of gated multi-
layer phosphorene under ambient gate charge density (or
gate electric field).
We note that in Ref. [27], similar results were obtained
for this band-gap tuning in multilayer phosphorene by us-
ing first-principles calculations. However, the obtained
results were restricted to the cases of bilayer and trilayer
phosphorene and the screening effect was induced differ-
ently, i.e., by considering a charged system (our screening
effect is induced by the gate electric field).
D. Comparison with Experiment
In order to verify the capability and accuracy of the
present self-consistent TB model, we compare our theo-
retical band gaps of gated multilayer phosphorene with
recent experimental results [28]. We consider multilayer
phosphorene in the presence of dual (top and bottom)
gates as in Ref. [28], and take from this experimental
work all the necessary parameters for theoretical mod-
eling and calculations, including the number of layers
and the displacement field. The experiment considered
the charge-neutrality condition [28], i.e., there are no ex-
cess carriers in the multilayer structure and thus the dis-
placement field (denoted by D) is approximately uniform
9TABLE I: The Fitting parameters a, b and c for the gate charge density (ng in units of cm
−2) dependence of the fundamental
band gap (Eg in units of eV) Eg = an
2
g + bng + c for N -layer phosphorene (N = 2, 3, 4, 6) in the presence of both top and
bottom gates (ng = nt = −nb), where a, b and c are in units of eV·cm2, eV·cm and eV, respectively.
Model Parameters N = 2 N = 3 N = 4 N = 6
a −1.583× 10−4 −4.219× 10−4 −7.663× 10−4 −1.741× 10−3
Unscreened b −1.541× 10−4 −7.772× 10−4 −3.268× 10−3 −1.243× 10−2
c 1.151 0.855 0.704 0.571
a −9.422× 10−5 −2.517× 10−4 −4.815× 10−4 −9.177× 10−4
Screened b −5.315× 10−5 −2.722× 10−4 −1.277× 10−3 −9.415× 10−3
c 1.151 0.855 0.704 0.571
across the entire structure. This condition corresponds
to our theoretical model where the charge densities of top
and bottom gates are opposite in sign but equal in mag-
nitude. By using the relation between the gate charge
density and the gate electric field Ft,b = e|nt,b|/(2ε0κ),
the displacement fields of top and bottom gates can be
written as Dt,b = κFt,b = e|nt,b|/(2ε0). At the charge-
neutrality condition (nt+nb = 0), D = Dt = Db where D
is the displacement field of multilayer phosphorene, and
we calculate the displacement-field tuning of the band
gap of multilayer phosphorene, as was done experimen-
tally in Ref. [28]. The magnitude of this band-gap tuning
is computed as ∆Eg = Eg(D 6= 0)− Eg(D = 0).
In Fig. 10(a), we show our theoretical results (solid
lines) of ∆Eg as a function of D for N -layer phospho-
rene (N = 4, 5, 6, 8) and for comparative purposes, the
theoretical (dashed lines) and experimental (circle dots)
ones from Ref. [28]. As can be seen in Fig. 10(a), our
theoretical results are in good agreement with the exper-
imental ones for the 2.5 nm-thick sample (corresponding
to N = 5 layers), while the simple theoretical model pre-
sented in Ref. [28] overestimates the band-gap change
with displacement field. However, the 4 nm-thick sample
(corresponding to N = 8 layers) exhibits a much smaller
decrease in the band gap when compared with theory.
The experimental results compare favorably with our re-
sults for N = 6 layers. This discrepancy could possibly
be due to the uncertainty in (i) the sample thickness in
the experiment and (ii) the value of the dielectric con-
stant of the sample. In spite of this discrepancy, our the-
oretical results are able to capture qualitatively the main
feature of the band-gap variation with displacement field
(i.e., the nonlinear decrease with increasing displacement
field). Notice that by increasing the dielectric constant κ
from 6 to 10, we are able to fit the experimental results
for the 4 nm-thick sample, as shown in the inset of Fig.
10(a).
The band-gap reduction with displacement field is
even more pronounced for multilayer phosphorene with
N = 20 layers (corresponding to the 10-nm-thick sam-
ple), as shown in Fig. 10(b). In order to fit the ex-
perimental results, we have to further increase κ from
10 to 15. This increase of the κ value is reasonable be-
cause multilayer phosphorene with larger number of lay-
ers was shown to have a larger dielectric constant [28, 31].
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of N -layer phosphorene (N = 4, 5, 6, 8, 20) as a function of
the displacement field D (solid lines). Dashed lines and circle
dots are, respectively, the theoretical and experimental results
of Ref. [28] for ∆Eg as a function of D. The inset in (a)
shows ∆Eg for the case of N = 8 layers for different dielectric
constants κ as indicated.
The physical reason is that as the band gap decreases
with increasing number of phosphorene layers, the multi-
layer phosphorene system becomes more metallic and so
the dielectric screening of the system becomes stronger,
which indicates an increased dielectric constant. There-
fore, with only one adjustable parameter (i.e., the dielec-
10
tric constant κ) which is varied within reasonable values,
our self-consistent TB calculations are able to reproduce
the experimental results.
Moreover, our theoretical results are qualitatively con-
sistent with the theoretical ones presented in Ref. [28],
as shown by the solid and dashed curves in Fig. 10(a).
The quantitative difference between our model and the
one used in Ref. [28] is due to the fact that: (i) the
screening mechanism is different: ours is induced by the
gate electric field while theirs was introduced by con-
sidering a band-gap-dependent dielectric constant; and
(ii) our band gaps are obtained within a self-consistent
Hartree scheme while their band gaps were obtained by
self-consistently iterating a uniform dielectric constant of
the multilayers via the band-gap dependence.
IV. CONCLUDING REMARKS
We have theoretically investigated the electronic prop-
erties of multilayer phosphorene with top and/or bottom
gates applied to produce a perpendicular electric field.
By taking into account the electric-field-induced charge
screening, a self-consistent tight-binding approach was
employed to obtain the electronic band structure of gated
multilayer phosphorene and the charge densities on the
different phosphorene layers.
We found that in the presence of only a top (bottom)
gate, the Fermi energy is located in the conduction (va-
lence) band of multilayer phosphorene, which indicates a
finite density of electrons (holes) in the system; whereas
in the presence of both top and bottom gates, the Fermi
energy can be tuned into the band gap of multilayer
phosphorene, which indicates no excess carriers in the
system. The gate-induced carrier densities on the dif-
ferent phosphorene layers were found to increase with
the gate charge density (or gate electric field) in either a
linear or nonlinear fashion. We showed that the carrier
densities on the different phosphorene layers are gener-
ally not equal to each other and thus produce an inho-
mogeneous (internal) electric field across the multilayer
structure that counteracts the uniform (external) gate-
produced one (i.e., the gate-induced charge screening).
Due to the puckered lattice structure, we found both
intralayer and interlayer charge screening in gated mul-
tilayer phosphorene, which is different from gated multi-
layer graphene, where only interlayer charge screening is
present. The gate-electric-field tuning of the band struc-
ture of multilayer phosphorene is distinctively different
in the presence and absence of charge screening. For in-
stance, we found that the unscreened band gap of multi-
layer phosphorene decreases dramatically with increasing
electric-field strength. However, in the presence of charge
screening, the magnitude of this band-gap decrease is sig-
nificantly reduced and this reduction depends strongly on
the number of phosphorene layers (which becomes more
significant with increasing number of layers). Therefore,
the critical strength of the gate electric field for the band-
gap closure is significantly increased.
Moreover, we found charge density/screening anoma-
lies in single-gated multilayer phosphorene due to the
interlayer electronic coupling, and electron-hole bilayers
in dual-gated multilayer phosphorene with tunable layer-
dependent electron/hole densities. Our theoretical re-
sults for the band-gap tuning (with gate electric field)
agree with those obtained experimentally for multilayer
phopshorene, thereby verifying the capability and accu-
racy of our self-consistent tight-binding approach.
V. ACKNOWLEDGMENTS
This work was financially supported by the Flemish
Science Foundation (FWO-Vl).
[1] L. Li, Y. Yu, G. J. Ye, Q. Ge, X. Ou, H. Wu, D. Feng,
X. H. Chen, and Y. Zhang, Nat. Nanotechnol. 9, 372
(2014).
[2] H. Liu, A. T. Neal, Z. Zhu, Z. Luo, X. Xu, D. Toma´nek,
and P. D. Ye, ACS Nano 8, 4033 (2014).
[3] W. Lu, H. Nan, J. Hong, Y. Chen, C. Zhu, Z. Liang,
X. Ma, Z. Ni, C. Jin, and Z. Zhang, Nano Res. 7, 853
(2014).
[4] S. Das, W. Zhang, M. Demarteau, A. Hoffmann,
M. Dubey, and A. Roelofs, Nano Lett. 14, 5733 (2014).
[5] J. Qiao, X. Kong, Z.-X. Hu, F. Yang, and W. Ji, Nat.
Commun. 5, 4475 (2014).
[6] A. S. Rodin, A. Carvalho, and A. H. Castro Neto, Phys.
Rev. Lett. 112, 176801 (2014).
[7] H. Yuan, X. Liu, F. Afshinmanesh, W. Li, G. Xu, J. Sun,
B. Lian, A. G. Curto, G. Ye, Y. Hikita, Z. Shen, S.-C.
Zhang, X. Chen, M. Brongersma, H. Y. Hwang, and
Y. Cui, Nat. Nanotechnol. 10, 707 (2015).
[8] N. Youngblood, C. Chen, S. J. Koester, and M. Li, Nat.
Photonics 9, 247 (2015).
[9] V. Tran, R. Soklaski, Y. Liang, and L. Yang, Phys. Rev.
B 89, 235319 (2014).
[10] A. Castellanos-Gomez, L. Vicarelli, E. Prada, J. O. Is-
land, K. L. Narasimha-Acharya, S. I. Blanter, D. J. Groe-
nendijk, M. Buscema, G. A. Steele, J. V. Alvarez, H. W.
Zandbergen, J. J. Palacios, and H. S. J. van der Zant,
2D Mater. 1, 025001 (2014).
[11] A. N. Rudenko and M. I. Katsnelson, Phys. Rev. B 89,
201408 (2014).
[12] S. Lei, H. Wang, L. Huang, Y.-Y. Sun, and S. Zhang,
Nano Lett. 16, 1317 (2016).
[13] D. C¸akır, C. Sevik, and F. M. Peeters, Phys. Rev. B 92,
165406 (2015).
[14] V. Wang, Y. C. Liu, Y. Kawazoe, and W. T. Geng, J.
Phys. Chem. Lett. 6, 4876 (2015).
[15] J. Dai and X. C. Zeng, J. Phys. Chem. Lett. 5, 1289
(2014).
[16] A. N. Rudenko, S. Yuan, and M. I. Katsnelson, Phys.
11
Rev. B 92, 085419 (2015).
[17] R. Fei and L. Yang, Nano Lett. 14, 2884 (2014).
[18] Q. Liu, X. Zhang, L. B. Abdalla, A. Fazzio, and
A. Zunger, Nano Lett. 15, 1222 (2015).
[19] S. Yuan, E. van Veen, M. I. Katsnelson, and R. Rolda´n,
Phys. Rev. B 93, 245433 (2016).
[20] J. M. Pereira and M. I. Katsnelson, Phys. Rev. B 92,
075437 (2015).
[21] J.-Y. Wu, S.-C. Chen, G. Gumbs, and M.-F. Lin, Phys.
Rev. B 95, 115411 (2017).
[22] E. McCann, Phys. Rev. B 74, 161403 (2006).
[23] A. A. Avetisyan, B. Partoens, and F. M. Peeters, Phys.
Rev. B 79, 035421 (2009).
[24] A. A. Avetisyan, B. Partoens, and F. M. Peeters, Phys.
Rev. B 80, 195401 (2009).
[25] M. Koshino and E. McCann, Phys. Rev. B 79, 125443
(2009).
[26] F. Zhang, B. Sahu, H. Min, and A. H. MacDonald, Phys.
Rev. B 82, 035409 (2010).
[27] B. Jhun and C.-H. Park, Phys. Rev. B 96, 085412 (2017).
[28] B. Deng, V. Tran, Y. Xie, H. Jiang, C. Li, Q. Guo,
X. Wang, H. Tian, S. J. Koester, H. Wang, J. J. Cha,
Q. Xia, L. Yang, and F. Xia, Nat. Commun. 8, 14474
(2017).
[29] M. Zarenia, D. Neilson, and F. M. Peeters, Sci. Rep. 7,
11510 (2017).
[30] D. Moldovan and F. M. Peeters, Pybinding: a
Python package for tight-binding calculations, http:
//dx.doi.org/10.5281/zenodo.56818 (2016).
[31] P. Kumar, B. S. Bhadoria, S. Kumar, S. Bhowmick, Y. S.
Chauhan, and A. Agarwal, Phys. Rev. B 93, 195428
(2016).
